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Knowledge of species’ ecological requirements is key for designing effective conservation 23 
management.  In butterflies, the needs of larval stages are often the most specialised part of 24 
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the life cycle, but for many species information on this is lacking.  The Mountain Ringlet 25 
Erebia epiphron is a cold-adapted butterfly found in alpine grasslands in mountainous 26 
regions of Europe.  Efforts to devise conservation strategies for this climate change-27 
threatened species are hampered due to its basic ecology being poorly understood.  Here, we 28 
describe a study on the autecology of Mountain Ringlets across its British distribution, 29 
focusing on the habitat preferences of egg-laying females as a proxy for larval preferences.  30 
Female Mountain Ringlets placed their eggs predominantly on Nardus stricta and Festuca 31 
ovina, but also on several other host plant species, suggesting larvae may be more broadly 32 
polyphagous than previously realised.  Sites chosen for eggs had higher abundance of larval 33 
host plants, intermediate leaf litter cover, and lower cover of grass tussocks than random 34 
locations, as well as a shorter and sparser grass sward.  Although the main host plant is 35 
ubiquitous in upland areas of Britain, our findings suggest that this butterfly’s egg and larval 36 
stages have specialised ecological requirements, requiring specific microhabitat features 37 
characterised by a narrow range of vegetation composition and structural characteristics.  38 
Many habitat associations are liable to be explicable as adaptations to ensure placement of 39 
eggs and larvae in sites within optimal (warm or buffered) microclimates.  We tentatively 40 
suggest that the distribution of Mountain Ringlets in the landscape is thermally-constrained. 41 
 42 
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 44 
Introduction  45 
Recent decades have witnessed marked declines in the abundance and range of several 46 
butterfly species in the UK (Asher et al. 2001, Fox et al. 2015) and elsewhere in Europe (Van 47 
Swaay et al. 2009, van Strien et al. 2019).  A common pattern of change has been 48 
disproportionate losses of butterflies that are habitat specialists or sedentary, leading to 49 
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increasingly depauperate, homogeneous butterfly communities dominated by widespread, 50 
mobile generalists (Warren et al. 2001, Mattila et al. 2011).  For habitat specialists in the UK, 51 
the dominant driver of population declines has been deterioration of habitat quality caused by 52 
substitution of traditional agricultural and forestry practices with intensive management 53 
(Thomas et al. 1986, Warren 1991), coupled at the landscape scale with elevated risks of 54 
local extinction following habitat loss and fragmentation (Hanski 1998).  55 
 56 
Designing effective conservation strategies to halt and reverse the declines of threatened 57 
butterflies demands detailed knowledge of their ecological requirements (Thomas et al. 58 
2011b).  The complex nature of the butterfly life-cycle means that specific requirements are 59 
often needed by each of the separate development stages (e.g. eggs, larvae, pupae, adults; 60 
Dennis et al. 2003), but those of the larvae can be particularly limiting. Detailed autecological 61 
studies often show that the larvae are dependent on ephemeral, narrow niches within their 62 
biotope characterised by larval hostplants in preferred growth forms or microhabitats 63 
(Thomas et al. 2009, Thomas et al. 2011b).  For example, adult Silver-spotted Skippers 64 
Hesperia comma, a rare butterfly on calcareous grasslands in southern Britain, demonstrated 65 
unspecific requirements generally, but the process of oviposition was highly selective, with 66 
females only laying eggs on hostplants in very short (< 3 cm) vegetation swards with plenty 67 
of surrounding bare ground (Thomas et al. 1986).  Knowledge of these specific ecological 68 
requirements and provisioning them via appropriate conservation management has been 69 
pivotal in countering the decline of H. comma (Davies et al. 2005) and other endangered 70 
habitat specialist butterflies (e.g. Heath Fritillary Melitaea athalia, Warren 1991). 71 
 72 
While our understanding of the needs of the larval stages of many butterflies has improved in 73 
recent decades, there are still species for which even basic ecological requirements are poorly 74 
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documented (García-Barros and Fartmann 2009).  One such species is the Mountain Ringlet 75 
Erebia epiphron (Asher et al. 2001).  The Erebia genus contains a large number of specialist 76 
cold-adapted species found at high latitudes and altitudes in the Holarctic region, with Europe 77 
representing a centre of speciation (Schmitt et al. 2016).  The Mountain Ringlet is the only 78 
high-altitude representative of the Erebia genus present in Britain, where it occurs in upland 79 
grasslands at elevations between 350-900m in two disjunct populations in the Lake District in 80 
north-west England and the Central Highlands of Scotland (Asher et al. (2001).  Matt Grass 81 
Nardus stricta is widely considered the main larval host plant in Britain (Asher et al. 2001), 82 
but observations have also been made of a small number of eggs being laid on Sheep’s 83 
Fescue Festuca ovina (Shannon 1995), raising the possibility that larval stages may not be 84 
strictly monophagous.  85 
 86 
Relatively few studies of Mountain Ringlets have been undertaken either in Britain (Boyd-87 
Wallis 1994, Bayfield et al. 1995, Shannon 1995) or more widely across Europe (but see 88 
recent studies for the silesiana subspecies e.g. Kuras et al. 2003, Konvicka et al. 2016), and 89 
none of these focus on detailing the habitat preferences of  ovipositioning females (which we 90 
assume to be informative of larval preferences).  The paucity of knowledge on this species 91 
may stem from the remote, inaccessible locations it occupies, along with its preference for 92 
only flying in warm, sunny conditions.  These weather conditions are infrequent in the 93 
regions that the species occupies in Britain, limiting detection.  More widely, it also appears 94 
to be a general feature of satyrid butterflies whose larvae feed on grasses, are rather 95 
inconspicuous and emerge to feed at night that the preferences of these species are poorly 96 




The conservation status of the Mountain Ringlet in the UK is uncertain (Asher et al. 2001), as  99 
it is not sufficiently well sampled by the standard butterfly monitoring schemes and the extent 100 
of its distribution is almost certainly under-recorded (Masterman 2008).  Nonetheless, 101 
evidence has emerged suggesting that Mountain Ringlets may be vulnerable to the impacts of 102 
climate change, with a programme of repeat surveys of previously occupied sites discovering 103 
disproportionate losses of low-lying Mountain Ringlet colonies in recent decades (Franco et 104 
al. 2006; A. Suggitt, pers. comm.), a finding repeated in other related Erebia congeners in 105 
continental Europe (Scalercio et al. 2014, Stuhldreher and Fartmann 2014).  The Mountain 106 
Ringlet has also been classified as the butterfly species most vulnerable to climate change-107 
mediated decline within its current range in the UK (Thomas et al. 2011a).  Thus, 108 
conservation strategies that facilitate adaptation to the worst effects of climate change 109 
impacts via appropriate habitat management are potentially needed for this species, but 110 
currently our ability to design and implement such measures is hindered by an absence of 111 
knowledge of its ecological requirements. 112 
 113 
In this study, we describe a four-year investigation working across multiple Mountain Ringlet 114 
colonies in the English Lake District and the Central Scottish Highlands to improve our 115 
general understanding of the ecological requirements of Mountain Ringlets, with a particular 116 
focus on determining the habitat preferences of ovipositioning females as a proxy for the 117 
requirements of larval stages.  We have two primary objectives.  Firstly, we seek to update 118 
and expand our current understanding of the range of hostplants and microhabitats that 119 
female Mountain Ringlets seek out for their eggs (and subsequently their larvae).  Secondly, 120 
exploiting a use-availability experimental design and a generalised linear mixed modelling 121 
framework, we aim to identify key ecological conditions with respect to vegetation 122 
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composition and structure, topography and soil moisture characteristics that define more 123 
precisely the ecological requirements of Mountain Ringlet larval stages.     124 
   125 
Methods  126 
Study species 127 
The Mountain Ringlet is a satyrine butterfly restricted to mountainous regions of Europe 128 
(Kudrna et al. 2011).  Across the two disjunct populations in Britain, the species is univoltine, 129 
with the main flight period in June or July.  Mountain Ringlets are found in upland grassland 130 
(Asher et al. 2001), where they feed on nectar from Tormentil Potentilla erecta, Thyme 131 
Thymus polytrichus, Heath Bedstraw Galium saxatile, and Meadow Buttercup Ranunculus 132 
acris, amongst other species (Boyd-Wallis 1994, Shannon 1995, Masterman 2008).  The 133 
principle larval host plant is assumed to be Matt Grass N. stricta (Asher et al. 2001), but other 134 
species may also be important (Shannon 1995).  After hatching, caterpillars feed until 135 
September, and then overwinter as a third instar at the base of grass tussocks, emerging from 136 
hibernation in April (Asher et al. 2001).  Other Erebia species favour sites with well-137 
developed litter layers to buffer overwintering larvae from extremes of temperature (Slamova 138 
et al. 2013, Stuhldreher and Fartmann 2014), but it is uncertain whether leaf litter is also 139 
important for E. epiphron. A biennial life-cycle has been demonstrated for Mountain Ringlets 140 
in captivity (Wheeler 1982), but this has not yet been confirmed in the wild in Britain.   141 
 142 
Study colonies 143 
We studied Mountain Ringlets at several colonies in the Lake District (2015-17) and at one 144 
location in the Central Scottish Highlands (2017-18).  Following on from a pilot study in 145 
2015 at RSPB’s Haweswater reserve (54.51º, -2.84º), the study expanded to include colonies 146 
across the species’ distribution in the Lake District.  To select areas for sampling, we 147 
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obtained Mountain Ringlet records between 1980-2014 from the Cumbria Biological Records 148 
Centre, defining the current distribution of the species in the Lake District as all 1-km squares 149 
with sightings since 2000.  This yielded a total of 81 occupied squares.  From these, we 150 
selected a stratified sample of 24 squares, comprising four from each combination of three 151 
altitude (< 400 m, 400-600 m, > 600 m) and two aspect (north-facing, south-facing) 152 
categories.   153 
 154 
To target search effort at areas where the species was liable to be present within selected 1-155 
km squares, we firstly excluded areas of unsuitable habitat, including woodland, low-lying 156 
intensive pasture, cropped land and lakes.  Secondly, we also disregarded areas within 157 
squares that were below 400m.  The adoption of this lower boundary was informed by an 158 
assessment of the altitudinal distribution of Mountain Ringlet records since 2000, which 159 
demonstrated that, with the exception of one colony (see below), the butterfly was rarely 160 
recorded below this threshold.  For the colony at Irton Fell-Whin Rigg (54.40º, -3.34º), a 161 
lower altitudinal boundary of 150 m was used, as the species is known to occur at far lower 162 
elevations here.  Lastly, we also excluded areas of difficult terrain (e.g. scree banks, cliff 163 
faces), where surveys would have been unsafe. 164 
  165 
Squares selected for sampling in the Lake District reflected a range of altitudes (range: 200-166 
800m), aspects and latitudes (range: 54.40ºN – 56.53ºN).  Furthermore, although the 167 
dominant land management at most colonies was sheep grazing, the intensity of grazing 168 
regimes varied, with some areas also characterised by low intensity mixed grazing regimes.  169 
We expect therefore that our colonies reflected many of the key gradients in environmental 170 
variability that Mountain Ringlets encounter in the UK, including topography, microclimate 171 
and habitat.  In total, with information from the pilot year (data collected across four 1-km 172 
8 
 
squares), we surveyed Mountain Ringlets in 28 1-km squares in the Lake District between 173 
2015-17, recording ringlets in 21 of these, with information on the habitat preferences of egg-174 
laying females collected from 15 squares.  Weather conditions were not conducive to egg-175 
laying behaviour on those dates that the remaining six squares were visited, and these remain 176 
unsampled.   177 
 178 
Mountain Ringlets were also examined at Ben Lawers National Nature Reserve (NNR) in 179 
Scotland (56.53º, -4.25º).  This area hosts a rich arctic-alpine flora, due to the underlying 180 
Dalradian calcareous mica schist bedrock giving rise to basic soils (Trivedi et al. 2008).  As 181 
part of a programme of management to protect and restore rare upland and montane plant 182 
communities, large grazing exclosures were established at Ben Lawers, which provided a 183 
unique opportunity to study Mountain Ringlets in the presence and absence of grazing 184 
pressure, and thus extends the range of environmental conditions under which the butterfly is 185 
investigated here.  We collected information on microhabitat preferences of egg-laying 186 
females in two 1 km squares inside and two 1 km squares outside of grazing exclosures 187 
(established in 1991 and 2000) at altitudes between 520-760 m.  Including sites in both 188 
England and Scotland, egg-laying behaviour was documented in 19 1 km squares (total = 189 
184, mean = 9.7 eggs, range = 1-18 eggs) during this study.                190 
 191 
Sampling design 192 
Mountain Ringlets larvae are difficult to locate during uninformed ‘cold’ searches due to 193 
their inconspicuous nature and nocturnal habits, and thus we opted to study the microhabitat 194 
preferences of egg-laying females as a proxy for larval requirements.  On warm days (> 14 195 
ºC) during the flight period (June and July), we intensively surveyed suitable habitat within 196 
selected 1 km squares for female Mountain Ringlets.  During these surveys, efforts were 197 
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made to ensure that sampling intensity was equitably distributed across the area of suitable 198 
habitat to avoid inadvertent sampling biases.  When a female was located, we followed that 199 
individual until an egg was laid, although on a small number of occasions we abandoned 200 
females if they demonstrated no obvious signs of egg-laying behaviour in otherwise suitable 201 
weather conditions after 30-60 minutes.  Female Mountain Ringlets generally lay eggs singly, 202 
so we typically recorded a single egg-laying event per individual.  However, we experienced 203 
several occasions (see Results for more details) when an individual female laid multiple eggs 204 
in quick succession and within close proximity (e.g. within a couple of centimetres of each 205 
other) and these were treated as a single egg-laying event.  Only on a handful of occasions 206 
did we observe the same female laying eggs in two separate sites, which we recorded 207 
separately.        208 
 209 
At each site where eggs were laid, we recorded information on several variables related to 210 
host plant, habitat, soil moisture and topographic characteristics.  We identified the host plant 211 
species on which an egg was laid, as well as measuring the height of the egg above the 212 
ground.  We used a 50 cm quadrat oriented on a N-S axis with the egg at the centre to 213 
quantify vegetation composition and structure around the egg site.  The quadrat was 214 
partitioned into nine equally-sized subdivisions, and we separately quantified vegetation 215 
characteristics at two spatial scales: in the central 17 cm subdivision, and across the entire 50 216 
cm quadrat.  However, initial exploratory analyses showed that egg-laying Mountain Ringlets 217 
responded far more strongly to microhabitat characteristics in the immediate vicinity of the 218 
egg site (e.g. 17 cm central quadrat subdivision) rather than further away (e.g. across the 50 219 
cm quadrat).  Therefore, we only present and analyse information here collected at the 220 
smaller spatial scale.   For each quadrat, we estimated the percentage cover of each plant 221 
species with greater than 5% cover.  As Nardus stricta and Festuca ovina are considered the 222 
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key host plants for Mountain Ringlets (Asher et al. 2001), we summed the percentage cover 223 
estimates for both species to derive a single measure of host plant availability.  Leaf litter 224 
cover and tussock cover within quadrats were also measured.  225 
 226 
We recorded information on two variables reflecting vegetation structure at egg sites.  227 
Vegetation height in quadrats was assessed using a variant of the ‘direct’ approach, which is 228 
known to be the most appropriate method for measuring short turf (Stewart et al. 2001).  This 229 
involved placing an upright garden cane marked with 1 cm colour gradations at the sampling 230 
point and estimating an average sward height in the area surrounding the cane, excluding 231 
emergent flowering vegetation.  In addition, we quantified vegetation density within quadrats 232 
by placing a horizontal 11 cm garden cane marked with thin (2 mm thick) coloured bands at 1 233 
cm intervals at each sampling point, and then counted the number of visible (> 50%) bands 234 
that could be seen at a distance of 1 m.  Lower values indicated a denser sward.   235 
 236 
Finally, we also collected information on a further four covariates describing soil moisture 237 
content and topography at egg sites.  Soil moisture was estimated by calculating a mean value 238 
of measurements taken at three of the four corners of the quadrat using a ML3 ThetaProbe 239 
soil moisture meter.  We derived estimates of altitude, aspect, and slope for each egg site 240 
using the OS Terrain 50 Digital Terrain Model (DTM; Ordnance Ordnance Survey, 2017) in 241 
ArcGIS (ESRI 2017) using 10-figure grid references obtained in the field with a GPS.  Aspect 242 
was defined as a categorical variable, with egg sites classified as north-facing (270°- 89°) or 243 
south-facing (90°- 269°).          244 
 245 
Characteristics at egg sites were contrasted with those at random points within suitable 246 
habitat in the same 1 km square.  This approach equates to a use-availability sampling design 247 
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for estimating resource selection functions, which is frequently used for studying wildlife-248 
habitat relationships (e.g. Johnson et al. 2006).  The random points were generated using 249 
ArcGIS (ESRI 2017).  We sampled an equivalent number of random points per 1 km square 250 
(total = 184, mean per square = 9.2, range per square = 1-17) as egg sites and recorded the 251 
same suite of vegetation composition and structure, topographic and soil moisture 252 
characteristics at each of them using identical approaches to those outlined above.  We note, 253 
however, that due to the failure of our soil moisture meter in 2015 approximately 20% of the 254 
random points lacked soil moisture measurements, which impacts the manner in which this 255 
variable was subsequently evaluated in statistical models (see below).      256 
 257 
Statistical analyses 258 
We started by calculating summary statistics for the Mountain Ringlet egg dataset, including 259 
the proportion of eggs laid on different host plants, the proportion on dead and live plant 260 
tissue and the mean height of eggs above the ground.  We next compared plant species 261 
composition at egg sites and random points in two ways.  Firstly, percent cover of individual 262 
plant species was compared between egg sites and random points using nonparametric 263 
Wilcoxon’s rank-sum tests.  Separate tests were carried out for each plant species that 264 
occurred in more than 5% of quadrats, calculating both standard p-values and p-values 265 
corrected for multiple-testing (Holm 1979).   266 
 267 
Secondly, patterns of plant species composition at egg sites and random locations were 268 
interpreted using detrended correspondence analysis (DCA).   DCA is an unconstrained 269 
ordination technique that extracts dominant axes of variation from complex, multivariate 270 
community composition data, with species exhibiting unimodal response curves in relation to 271 
these axes (Hill and Gauch 1980, Ter Braak 1986).  We derived a site-by-species matrix of 272 
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percent cover data from all vegetation quadrats and for all species (n = 40) present in more 273 
than 1 % of quadrats.  We ran the DCA on these data using the decorana function in the R 274 
vegan package (Oksanen et al. 2010) and then plotted the species centroids on a two-275 
dimensional ordination plot.  Next, we used the envfit function (also in the vegan package) to 276 
calculate centroids reflecting the average plant species composition at both egg sites and 277 
random points for 13 different 1 km squares.  We did not calculate centroids for six squares 278 
due to small sample sizes of eggs (n < 4) and merged these data in with that of neighbouring 279 
squares.  We then connected the random point and egg site centroids from each 1 km square 280 
by a vector to better depict differences in average species composition between the two types 281 
of site within individual squares (e.g. Britton et al. 2009)  Specifically, the length of the 282 
vector quantifies the extent to which average plant species composition at each 1 km square 283 
(reflected by the random points, tail of the vector) differs from that selected by Mountain 284 
Ringlets for egg-laying (represented by the arrowhead of the vector), and the direction of the 285 
vector provides insights into whether Mountain Ringlets seek out  consistent or divergent 286 
ecological niches for their eggs across different 1 km squares.  Vectors that converge at a 287 
similar spot in ordination space indicate selection of similar plant species compositions by 288 
butterflies across the different study squares, whereas diverging vectors reflect spatial 289 
differences in the plant species composition of sites preferred for egg-laying. 290 
 291 
We conducted a more detailed analysis of the microhabitat preferences of egg-laying 292 
Mountain Ringlets by modelling use-availability data using binomial generalised linear 293 
mixed models (GLMM).  In this model, the response variable was coded as ‘1’ for egg sites 294 
and ‘0’ for random points.  We started by deciding on the most appropriate random effects 295 
specification for the binomial GLMM.  To do this, we fitted several GLMMs with different 296 
combinations of random terms (but no fixed effects).  Variables fitted as random effects 297 
13 
 
included colony ID (where Mountain Ringlet colonies overlapped several 1-km squares), 298 
square ID, and female ID (to account for nonindependence of eggs laid by the same female).  299 
Models specifying colony ID and female ID often struggled to calculate variance estimates 300 
for these terms, with variances tending to collapse to zero.  In contrast, the variance for 301 
square ID was consistently estimable and thus we retained this random effect specification in 302 
all subsequent models.   303 
 304 
We then constructed a global model comprising all vegetation composition, vegetation 305 
structure, and topographic explanatory variables (Table 1; note soil moisture was not 306 
included in the global model due to a high proportion of missing data, explained above).  307 
Prior to using this model as the basis of multi-model inference (see below), we firstly 308 
conducted exploratory analyses to test for collinearity amongst the explanatory variables, and 309 
nonlinear relationships between response and explanatory variables (Zuur et al. 2010).  We 310 
calculated variance inflation factors (VIFs) for the global model to assess whether collinearity 311 
may bias parameter estimates.  As none of the VIFs exceeded values beyond which 312 
collinearity is typically regarded to be problematic (e.g. VIF > 10, Dormann et al. 2013), all 313 
explanatory variables were retained.  Moreover, exploratory analyses demonstrated that leaf 314 
litter cover was nonlinearly related to Mountain Ringlet habitat use, and thus as well as the 315 
main effect, we also fitted models specifying a quadratic term for this covariate.      316 
     317 
We examined quantile residuals from the global model for evidence of lack-of-fit or 318 
violations of distributional assumptions using the DHARMa package in R (Hartig 2018).  319 
There were no indications that the residuals displayed heteroscedascity, deviated from 320 
uniformity (Kolmogorov-Smirnov test: p = 0.837), or were strongly spatially autocorrelated 321 




Binomial GLMMs comprising all-subsets combinations of the explanatory variables were 324 
fitted to the Mountain Ringlet use-availability data, and Akaike’s information criteria (AIC) 325 
and associated weights (wi) were used to rank each model according to their relative support 326 
(Burnham & Anderson 2002). Smaller AICc values and larger weights imply greater relative 327 
support for a model (Burnham & Anderson 2002).  Inference regarding the importance of 328 
individual explanatory variables was not based on the best-supported model but was derived 329 
across all fitted models.  To this end, we calculated model-averaged parameter estimates and 330 
associated confidence intervals (Galipaud et al. 2017), and considered individual explanatory 331 
variables to be key predictors of Mountain Ringlet habitat use if confidence intervals did not 332 
encompass zero (Burnham and Anderson 2002). All GLMMs were fitted using the 333 
glmmTMB package (Brooks et al. 2017), and multi-model inference was provided by the 334 
MuMin package (Barton 2018).   335 
 336 
Results 337 
We observed 138 female Mountain Ringlets laying a total of 184 eggs during this study.  338 
Most females (82%) were seen to lay single eggs, but a non-trivial proportion of females 339 
(18%) laid multiple eggs (maximum = 7) in close proximity (e.g. within a couple of cms).  340 
The most commonly recorded host plants were Nardus stricta (n = 68, 37%) and Festuca 341 
ovina (n = 54, 29%), but a variety of other species were used less frequently (Anthoxanthum 342 
odoratum, 2%; Agrostis sp., 5%; Carex dioica, < 1%; Carex nigra, < 1%; Carex panicea, 343 
2%; Carex pilulifera, < 1%; Carex pulicaris, < 1%; Deschampsia cespitosa, < 1%; 344 
Deschampsia flexuosa, 3%; Festuca rubra, < 1%; Juncus squarrosus, 3%; Molinea caerulea, 345 
< 1%; Moss spp., 4%; Potentilla erecta, 1%; Sphagnum sp., < 1 %; unknown, 7%).  Most 346 
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eggs were laid on the underside of dead grass leaves (75% vs 25% on live plant tissue) close 347 
to the ground (mean height = 3.2 cm, s.d. = 2.3 cm). 348 
 349 
Percent cover for 9 of 18 common plant species differed significantly between egg sites and 350 
random locations (Fig. 1), but this declined to only five species after controlling for multiple 351 
testing.  The amount of Nardus stricta and Festuca ovina present at sites chosen for 352 
oviposition greatly exceeded that at random locations (N. stricta: W = 21061, p < 0.001, F. 353 
ovina: W = 20607, p > 0.001), suggesting that Mountain Ringlets females strongly select egg 354 
sites where these plant species are abundant.  There was also an indication that ovipositing 355 
female butterflies positively favoured sites with a greater abundance of two Carex species (C. 356 
panicea: W = 18462, p = 0.009; C. pilulifera: W = 18253, p = 0.014), although the preference 357 
was not as strong as for the putative host plant species and these Carex species were 358 
generally less abundant in the sward.  Evidence of strong avoidance was only apparent for 359 
one plant species after accounting for multiple testing, specifically Juncus squarrosus (W = 360 
14252, p = 0.031).   361 
 362 
The detrended correspondence analysis showed that the majority of vectors for different 1 km 363 
squares clustered in the same area of ordination space and were approximately of equal 364 
length and parallel direction (Fig. 2).  This implies that differences in average species 365 
compositions between the random points and egg sites were relatively consistent across the 366 
dispersed 1 km squares.  Typically, these vectors suggested that random points (tail end of 367 
the vector) were characterised by a dominance of Agrostis spp., Deschampsia flexuosa or 368 
Juncus squarrosus, while egg sites (arrowhead of the vector) were constituted to a greater 369 
degree by Nardus stricta and Festuca ovina.  There were a few clear outlying vectors that 370 
varied in their starting points and directionality.  One of the most pronounced outliers was 371 
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NN5938 within the grazing exclosure at Ben Lawers, suggesting that the removal of grazing 372 
has had a demonstrable impact on the plant species composition at that site (Fig.2).  373 
However, even these outlying vectors tended to converge on the same region of ordination 374 
space (Fig. 2b).  Thus, regardless of broader differences in average plant species composition 375 
across sites due to disparate management or grazing regimes, female Mountain Ringlets 376 
appear consistent in their selection preferences, seeking sites for egg laying that are 377 
characterised by similar plant species compositions dominated by Nardus stricta and Festuca 378 
ovina.  379 
 380 
In the binomial GLMMs, vegetation composition was an important determinant of Mountain 381 
Ringlet egg site selection, with several covariates represented in highly ranked models (Table 382 
1a).  Female Mountain Ringlets demonstrated a strong preference for laying eggs at sites with 383 
a high abundance of the two key host plants (Fig. 3a), Nardus stricta and Festuca ovina, 384 
indicated by the fact that the model-averaged parameter estimates for the host plant 385 
availability covariate did not encompass zero (Table 1b).  There was also a curvilinear 386 
relationship between probability of use and leaf litter cover (Fig. 3b), with females laying 387 
their eggs disproportionately at sites with intermediate levels of leaf litter.  Tussock cover was 388 
negatively related to the probability of a site being selected (Fig. 3c), implying that females 389 
may actively avoid areas where tussock-forming grasses predominate.   390 
 391 
Two vegetation structure covariates were also found to be strongly associated with the 392 
selection of egg sites in Mountain Ringlets.  Sites characterised by lower vegetation height 393 
(Fig. 3d) and less dense grass sward were preferentially selected by females over locations 394 
with tall, rank vegetation.  In contrast, evidence suggesting an important role of topographic 395 
characteristics in selection of egg sites by Mountain Ringlets was limited, with only slope, 396 
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but not altitude or aspect, shown to have a strong association with probability of use (Table 397 
1b).  Together, the vegetation composition and structure characteristics accounted for a 398 
substantial proportion of the total variation, with marginal and conditional R2 values for the 399 
best-fit model of 0.599 and 0.783 respectively.  Finally, soil moisture was not significant (ß = 400 
-0.212, s.e. = 0.254, p = 0.403) when added to the best-fit model.        401 
 402 
Discussion 403 
This study provides the first comprehensive assessment of oviposition habitat preferences for 404 
Mountain Ringlets.  We provide novel information on the host plants species selected by egg-405 
laying females, showing that Festuca ovina may be a more important food plant than 406 
previously realised for larval Mountain Ringlets (at least in Britain).  More importantly, we 407 
find evidence that Mountain Ringlets are highly specialised in their microhabitat 408 
requirements, with females seeking out sites for their eggs and larvae characterised by a 409 
narrow range of vegetation composition and structural characteristics.  Many of these 410 
preferences are likely to be adaptations to their harsh alpine environment, evolved to ensure 411 
that eggs and larvae are placed in sites with buffered microclimates.  412 
 413 
Host plant species and sites selected for oviposition 414 
Mountain Ringlet females laid eggs predominantly on Nardus stricta and Festuca ovina, and 415 
strongly selected sites for egg-laying with a greater abundance of these plant species than at 416 
random points.  Oviposition on and selection for sites with abundant cover of Nardus stricta 417 
is documented (Boyd-Wallis 1994) and is consistent with the long-held view that this grass is 418 
a key larval food plant for Mountain Ringlets in Britain (Asher et al. 2001).  Selection of 419 
Festuca ovina for egg-laying, in contrast, is a relatively novel finding for the species in 420 
Britain, having only been indicated by one prior small-scale study of Mountain Ringlets in 421 
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the Lake District (Shannon 1995), although we note that F. ovina and related fescues are 422 
important host plants of other Mountain Ringlet subspecies and congeneric Erebia species in 423 
continental Europe (Kuras et al. 2001, Stuhldreher and Fartmann 2015).  The preference for 424 
egg sites dominated by Nardus stricta and Festuca ovina was a consistent feature across all 425 
studied Mountain Ringlet colonies (see Fig. 2), irrespective of between-site heterogeneity in 426 
plant communities due to differences, for example, in grazing management.   427 
 428 
As well as potentially being an important host plant, evidence implies that Festuca ovina may 429 
be the favoured Mountain Ringlet host plant.  Experimental feeding trials on larvae of two 430 
separate Mountain Ringlet subspecies (E. e. mnemon and E. e. silesiana) found that when 431 
larvae were offered a choice of several fine-leaved grasses, a notable preference for Festuca 432 
spp. (F. ovina and F. supina respectively) was demonstrated, whereas Nardus stricta was 433 
rejected (Kuras et al. 2001; R. Menendez, unpubl. data).  In addition, Mountain Ringlet larvae 434 
provisioned with a diet solely of Nardus stricta exhibited lower growth rates and higher 435 
mortality compared with other dietary treatments providing either Festuca ovina or a mixture 436 
of the two host plants (Bayfield et al. 1995).  Differences in the quality and nutritional value 437 
of the two host plant species may underpin the apparent preference for Festuca ovina.  For 438 
example, Nardus stricta tissues harbour higher concentrations of silicates than most other 439 
upland grass species (Massey et al. 2006), which is associated with less efficient conversion 440 
of ingested food matter to body mass (reducing growth rates) and reduced feeding efficiency 441 
(due to elevated rates of mandible wear) in folivorous lepidopteran larvae (Massey and 442 
Hartley 2009).     443 
 444 
Thirty percent of Mountain Ringlet eggs were placed on host plants other than Nardus stricta 445 
and Festuca ovina, with Agrostis sp., Juncus squarrosus, Deschampsia flexuosa, Carex 446 
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panicea and mosses species where oviposition was recorded repeatedly.  Together with the 447 
observation that females laid eggs at sites (c. 10%) where Nardus stricta and Festuca ovina 448 
were absent, these findings argue that Mountain Ringlet larvae may be more broadly 449 
polyphagous than generally acknowledged, potentially utilising a range of graminoids as food 450 
plants.  Experimental feeding trials documented that E. e. silesiana larvae also readily 451 
accepted Deschampsia flexuosa as an alternative host food plant to Festuca supina (Kuras et 452 
al. 2001).  Deschampsia flexuosa was also present at many of the egg sites in this study 453 
lacking Nardus stricta and Festuca ovina, where it may have been used as an alternative 454 
larval food resource.  Further direct observations of larval stages feeding on hostplants in the 455 
wild are needed to confirm experimental observations that larvae are more broadly 456 
polyphagous than realised (e.g. Kuras et al. 2001).   457 
 458 
Female Mountain Ringlets typically laid their eggs close to the ground on the underside of 459 
dead, prostrate host plant leaves.  Several butterfly species also deposit their eggs close to 460 
ground level, including Hesperia comma (Thomas et al. 1986), Melitaea aurelia (Eichel and 461 
Fartmann 2008), and Coenonympha tullia (Čelik and Vreš 2018), although laying eggs on 462 
dead plant material appears to be less commonplace (but see Wiklund 1984, Čelik and Vreš 463 
2018).  We suggest that female butterflies are seeking out warmer microclimates for their 464 
eggs and larvae.  Ambient temperatures tend to be warmer closer to ground level than further 465 
away due to radiative heat (e.g. Thomas et al. 1986).  Furthermore, Wallis De Vries (2006) 466 
showed that the surface temperature of dead plant matter increased substantially above 467 
ambient air temperature, whereas green plant tissue remained similar to ambient due to the 468 
effects of evaporation.  Alternatively, incidental predation of butterfly eggs by grazing 469 
animals can lead to high rates of mortality in intensively grazed systems (Van Noordwijk et 470 
al. 2012).  As many of the upland areas where Mountain Ringlets occur in Britain are grazed 471 
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intensively by sheep, the placement of eggs low in the sward, attached to dead plant material 472 
that is presumably less attractive forage, may minimize the potential risks of grazing 473 
mortality.   474 
 475 
Effects of surrounding vegetation composition and structure on oviposition site selection 476 
In the more detailed assessment of habitat preferences of egg-laying Mountain Ringlets using 477 
GLMMs, we found evidence that several vegetation composition and structural 478 
characteristics were associated with egg site selection.  Firstly, sites chosen for egg-laying 479 
had significantly greater quantities of host plants than random points.  It is generally expected 480 
that an important criteria of egg-site selection is ensuring adequate food resources are 481 
available at close proximity for larval growth and survival.  Where resources are inadequate, 482 
larvae can experience food shortages and suffer high rates of mortality due to starvation, 483 
especially in early instars (Kuussaari et al. 2004).  Selection pressures to lay at sites with 484 
abundant host plant availability are liable to be particularly strong in butterflies that lay 485 
clutches of eggs at the same site, where there may be food competition amongst offspring 486 
(Fartmann and Hermann 2006), but strong links with host plant availability have also been 487 
demonstrated by other species that deposit eggs singly (e.g. Large Heath Coenonympha 488 
tullia, Weking et al. 2013, Čelik and Vreš 2018).   489 
 490 
Another driver for selecting sites with abundant host plant resources may be larval mobility, 491 
with those butterflies characterised by highly sedentary larvae being more pressured to locate 492 
egg sites with greater host plant densities than mobile species, as they need to complete their 493 
life-cycle within a confined area.  Interestingly, Curtis et al. (2015) showed that adult 494 
abundances and host plant densities for 27 butterfly species in the UK were more strongly 495 
correlated where species were less mobile.  Previous authors have commented on the 496 
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‘sluggish’ or ‘passive’ nature of Erebia caterpillars (E. epiphron, Frohawk 1924, E. sudetica, 497 
Kuras et al. 2001), which may be indicative of a sedentary character that could underpin the 498 
need for high densities of food plants immediately adjacent to egg sites.  Alternatively, the 499 
association documented here between host plant availability and egg site selection may not 500 
demonstrate active selection for areas with abundant host plants, but could simply be due to 501 
the fact that such areas may be more detectable to searching females (Fartmann and Hermann 502 
2006).     503 
 504 
As well as host plant availability, the quantity of leaf litter also influenced egg site selection 505 
in Mountain Ringlets, with females preferring sites with intermediate amounts of litter (30-506 
60%).  In the congeneric species Erebia medusa, Stuhldreher & Fartmann (2014) 507 
demonstrated that patch-level occupancy was positively related to the amount of litter in a 508 
patch.  The thick accumulations of leaf litter functioned as a microclimatic buffer, which 509 
reduced the extremes of temperature to which overwintering larvae were subjected.  We 510 
propose that the preference exhibited here by Mountain Ringlets may also indicate a 511 
requirement for threshold levels of accumulated leaf litter to buffer against strong fluctuations 512 
in winter temperatures.  However, favouring intermediate levels of leaf litter may imply the 513 
existence of trade-off, whereby sufficient litter is required to safeguard against low winter 514 
temperatures, but the litter layer is not so well-developed as to potentially obstruct the 515 
germination or growth of host plants.  Finally, it is also noteworthy that sites dominated by 516 
Nardus stricta tended to have the most well-developed litter layers, perhaps suggesting that 517 
females selecting sites with a high abundance of this plant may not be doing so not to secure 518 




Other vegetation characteristics associated with egg site selection of Mountain Ringlets were 521 
vegetation height and density, and the cover of tussocks.  Sites selected for egg-laying had 522 
shorter and sparser vegetation (also see Stuhldreher and Fartmann 2015).  Short, sparse grass 523 
swards permit ovipositioning females easy access to the surface layer to deposit their eggs on 524 
suitable low-growing hostplants, and they also ensure a warm microclimate by minimising 525 
the potential shading effects of taller vegetation (e.g. Thomas et al. 1986).  Konvička et al. 526 
(2002) also reported that adult Mountain Ringlets were more strongly associated with short 527 
grassy vegetation for activities such as mating, basking and nectar-feeding.  Furthermore, egg 528 
sites had lower cover of tussocks than random locations.  We originally anticipated that 529 
tussock cover might be positively associated with the probability of site being used for egg-530 
laying, as these presumably also provide microclimatic buffering from extreme winter 531 
temperatures, but this expectation was not supported.  Key tussock-forming graminoids (e.g. 532 
Molinia caerulea and Eriophorum vaginatum) in Mountain Ringlet upland habitats are often 533 
quite dominant, with low presence of larval hostplants in the sward, and the availability of 534 
warm microclimates is liable to be in short supply, as even the pockets of low growing 535 
vegetation in between tussocks are overshadowed by surrounding vegetation.  Boyd-Wallis 536 
(1994) also showed that Mountain Ringlets avoided egg sites with a high cover of Molinea 537 
caerulea at one colony in Scotland.         538 
 539 
Few topographical variables emerged from this study as important predictors of egg site 540 
selection.  The sole exception was slope, which was negatively associated with probability of 541 
use, but this may represent an artefact of our sampling method.  Following egg-laying 542 
females on even moderate slopes is difficult, and we excluded very steep slopes from 543 
consideration due to safety concerns, so we may have undersampled egg laying attempts in 544 
such areas. Mountain Ringlets might actually be expected to be positively associated with 545 
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steeper slopes, as the gradient favours low-growing, sparse vegetation communities often 546 
with host plants present, which would provide appropriate microclimates. The absence of 547 
associations with altitude and aspect may also be more to do with the spatial scale at which 548 
the study was conducted rather than reflecting the lack of importance of these variables.  549 
Topographic factors are liable to be more crucial for governing the distribution of Mountain 550 
Ringlet colonies across a landscape, rather than dictating finer-scale microhabitat associations 551 
within individual patches. Indeed, Bayfield et al. (1995) found that the majority of Mountain 552 
Ringlet colonies in Scotland were on south, south-west or south-east facing slopes, with none 553 
recorded on north or north-west facing slopes. 554 
 555 
Management implications 556 
Sheep grazing is a key land use of many of the upland areas that Mountain Ringlets inhabit in 557 
Britain. Our findings imply that sheep grazing creates habitat types characterised by 558 
vegetation composition and structural characteristics that are suitable for Mountain Ringlets.  559 
Firstly, Nardus stricta is relatively unpalatable grass species that is frequently avoided by 560 
selective grazers such as sheep, and high stocking rates in upland areas can increase the 561 
prevalence and dominance of Nardus stricta in the sward by effectively grazing out all of the 562 
more palatable grass species (Grant et al. 1996).  Grazing appears, therefore, to maintain a 563 
general plant species composition across the landscape that is broadly suitable for Mountain 564 
Ringlets.  Secondly, sheep grazing also creates areas with short, sparse swards, which allow 565 
egg-laying females ready access to low-growing host plants and warm microclimates for 566 
developing eggs and larvae.   567 
  568 
There are reasons to expect, however, that very intensive sheep grazing regimes, which are 569 
characteristic of much of the Lake District, may not be optimal for Mountain Ringlets.  For 570 
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example, high stocking rates tend to lead to a less well-developed litter layer, potentially 571 
rendering overwintering larvae more vulnerable to mortality due to low temperatures, 572 
particularly at sites not further buffered by continuous snow lie.  Patches of longer vegetation 573 
(e.g. Carex flushes) are also needed to provide shelter for adult Mountain Ringlets during 574 
periods of inclement weather (S. Ewing pers. obs.), but these might be a rarer resource under 575 
intensive grazing regimes.  On the other hand, complete stock removal is not liable to be 576 
beneficial in the long-term for Mountain Ringlets either, as this would allow forbs or dwarf 577 
shrubs to dominate (Pakeman et al. 2003), reducing the availability of larval host plants and 578 
denying the butterfly access to warm microclimates.  This is illustrated, for example, by the 579 
low availability of Mountain Ringlet host plants in the Ben Lawers grazing exclosures 580 
relative to other grazed sites (exclosure: random site mean N. stricta cover – 4.7%, F. ovina 581 
cover – 5.5%; grazed sites: random site mean N. stricta cover – 20.6%, F. ovina cover – 582 
14.5%)   583 
 584 
Rather, we hypothesise that intermediate grazing might prove be a more suitable management 585 
regime for Mountain Ringlets, to create a Nardus-, Festuca- and flower-rich, but structurally- 586 
heterogeneous grass sward that caters for the full spectrum of microhabitat and microclimatic 587 
features required by all life-cycle stages of Mountain Ringlets.  Designing an appropriate 588 
grazing prescription that gives rise to such a sward would benefit from experimental grazing 589 
trials (Dennis et al. 2008).  Moreover, such an intermediate intensity grazing regime may 590 
have wider environmental benefits for a broader array of upland biodiversity (Evans et al. 591 
2015).         592 




We would like to thank James Gordon, Mark Yeldham, Ewan Munro, Mark Whiffin and Pete 595 
Howard for their assistance with data collection in the field.  Thanks are also due to Martin 596 
Tordoff from the Butterfly Conservation Cumbria Branch, Dave Wainwright from Butterfly 597 
Conservation, John Hooson and Matthew Oates from the National Trust, and Helen Cole 598 
from the National Trust for Scotland for help designing this project, arranging access 599 
permissions and generally providing support and assistance.  Funding for this work was 600 
provided by the Royal Society for the Protection of Birds.  We also thank the generosity of 55 601 
supporters who contributed donations to our ‘Giving Mountain Ringlets a brighter future’ 602 
crowdfunding campaign.  Earlier drafts of this paper were substantially improved by 603 
comments from Graeme Buchanan, Jerry Wilson and two anonymous referees.  604 
 605 
Compliance with ethical standards 606 
Competing interests 607 
The authors declare that there are no conflicting or competing interests. 608 
Research involving human participants 609 
This research did not involve human participants requiring ethics approval. 610 
   611 
References 612 
 613 
Asher, J., M. Warren, R. Fox, P. Harding, G. Jeffcoate, and S. Jeffcoate. 2001. The 614 
millennium atlas of butterflies in Britain and Ireland. Oxford University Press. 615 
Barton, K. 2018. MuMIn: Multi-model inference. R package version 1.42.1. 616 
Bayfield, N., G. M. McGowan, P. Taylor, D. D. French, E. Mackie, C. Waterhouse, and S. 617 
Hartley. 1995. Small Mountain Ringlet project: field studies rearing programme and 618 
questionaire survey 1994-95. Institute of Terrestrial Ecology. 619 
26 
 
Boyd-Wallis, W. 1994. Survey of Creag Meagaidh NNR for colonies of Small Mountain 620 
Ringlet butterfly. Scottish Natural Heritage Report  621 
Britton, A. J., C. M. Beale, W. Towers, and R. L. Hewison. 2009. Biodiversity gains and 622 
losses: evidence for homogenisation of Scottish alpine vegetation. Biological 623 
Conservation 142:1728-1739. 624 
Brooks, M. E., K. Kristensen, K. J. van Benthem, A. Magnusson, C. W. Berg, A. Nielsen, H. 625 
J. Skaug, M. Machler, and B. M. Bolker. 2017. glmmTMB balances speed and 626 
flexibility among packages for zero-inflated generalized linear mixed modeling. The 627 
R journal 9:378-400. 628 
Burnham, K. P., and D. R. Anderson. 2002. Model selection and multimodel inference: a 629 
practical information-theoretic approach. Springer, New York. 630 
Čelik, T., and B. Vreš. 2018. Microtopography determines the habitat quality of a threatened 631 
peatland butterfly at its southern range margin. Journal of Insect Conservation 22:707-632 
720. 633 
Curtis, R. J., T. M. Brereton, R. L. Dennis, C. Carbone, and N. J. Isaac. 2015. Butterfly 634 
abundance is determined by food availability and is mediated by species traits. 635 
Journal of Applied Ecology 52:1676-1684. 636 
Davies, Z. G., R. J. Wilson, T. M. Brereton, and C. D. Thomas. 2005. The re-expansion and 637 
improving status of the silver-spotted skipper butterfly (Hesperia comma) in Britain: a 638 
metapopulation success story. Biological Conservation 124:189-198. 639 
Dennis, P., J. Skartveit, D. I. McCracken, R. J. Pakeman, K. Beaton, A. Kunaver, and D. M. 640 
Evans. 2008. The effects of livestock grazing on foliar arthropods associated with bird 641 
diet in upland grasslands of Scotland. Journal of Applied Ecology 45:279-287. 642 
Dennis, R. L., T. G. Shreeve, and H. Van Dyck. 2003. Towards a functional resource-based 643 
concept for habitat: a butterfly biology viewpoint. Oikos 102:417-426. 644 
27 
 
Dormann, C. F., J. Elith, S. Bacher, C. Buchmann, G. Carl, G. Carre, J. R. G. Marquez, B. 645 
Gruber, B. Lafourcade, P. J. Leitao, T. Munkemuller, C. McClean, P. E. Osborne, B. 646 
Reineking, B. Schroder, A. K. Skidmore, D. Zurell, and S. Lautenbach. 2013. 647 
Collinearity: a review of methods to deal with it and a simulation study evaluating 648 
their performance. Ecography 36:27-46. 649 
Eichel, S., and T. Fartmann. 2008. Management of calcareous grasslands for Nickerl’s 650 
fritillary (Melitaea aurelia) has to consider habitat requirements of the immature 651 
stages, isolation, and patch area. Journal of Insect Conservation 12:677-688. 652 
ESRI. 2017. ArcGIS Desktop: Release 10.5.1. Environmental Systems Research Institute, 653 
Redlands, CA. 654 
Evans, D. M., N. Villar, N. A. Littlewood, R. J. Pakeman, S. A. Evans, P. Dennis, J. 655 
Skartveit, and S. M. Redpath. 2015. The cascading impacts of livestock grazing in 656 
upland ecosystems: a 10‐year experiment. Ecosphere 6:1-15. 657 
Fartmann, T., and G. Hermann. 2006. Larvalökologie von Tagfaltern und Widderchen in 658 
Mitteleuropa–von den Anfängen bis heute. Abh. Westf. Mus. Naturk 68:11-57. 659 
Fox, R., T. Brereton, J. Asher, T. August, M. Botham, N. Bourn, K. Cruickshanks, C. 660 
Bulman, S. Ellis, and C. Harrower. 2015. The State of the UK’s Butterflies 2015. 661 
Butterfly Conservation & Centre for Ecology and Hydrology, Wareham, Dorset. 662 
Franco, A. M., J. K. Hill, C. Kitschke, Y. C. Collingham, D. B. Roy, R. Fox, B. Huntley, and 663 
C. D. Thomas. 2006. Impacts of climate warming and habitat loss on extinctions at 664 
species' low‐latitude range boundaries. Global Change Biology 12:1545-1553. 665 
Frohawk, F. W. 1924. Natural History of British Butterflies, Vol. 2. Natural History of 666 
British Butterflies, Vol. 2. 667 
28 
 
Galipaud, M., M. A. Gillingham, and F. X. Dechaume‐Moncharmont. 2017. A farewell to the 668 
sum of Akaike weights: The benefits of alternative metrics for variable importance 669 
estimations in model selection. Methods in Ecology and Evolution 8:1668-1678. 670 
García-Barros, E., and T. Fartmann. 2009. Butterfly oviposition: sites, behaviour and modes. 671 
Pages 29-42 in J. Settele, T. G. Shreeve, M. Konvička, and H. Van Dyck, editors. 672 
Ecology of Butterflies in Europe. Cambridge University Press, Cambridge. 673 
Grant, S. A., L. Torvell, E. M. Sim, J. Small, and R. Armstrong. 1996. Controlled grazing 674 
studies on Nardus grassland: effects of between-tussock sward height and species of 675 
grazer on Nardus utilization and floristic composition in two fields in Scotland. 676 
Journal of Applied Ecology 33:1053-1064. 677 
Hanski, I. 1998. Metapopulation dynamics. Nature 396:41-49. 678 
Hartig, F. 2018. DHARMa: Residual diagnostics for hierarchical (Multi-Level/Mixed) 679 
regression models. R package version 0.2.0. 680 
Hill, M. O., and H. G. Gauch. 1980. Detrended correspondence analysis: an improved 681 
ordination technique. Pages 47-58 in E. van der Maarel, editor. Classification and 682 
ordination. Advances in vegetation science, Vol. 2. Springer, Dordrecht. 683 
Holm, S. 1979. A simple sequentially rejective multiple test procedure. Scandinavian journal 684 
of statistics 6:65-70. 685 
Konvicka, M., J. Benes, O. Cízek, T. Kuras, and I. Klecková. 2016. Has the currently 686 
warming climate affected populations of the mountain ringlet butterfly, Erebia 687 
epiphron (Lepidoptera: Nymphalidae), in low-elevation mountains? European Journal 688 
of Entomology 113:295. 689 
Konvička, M., J. Beneš, and T. Kuras. 2002. Microdistribution and diurnal behaviour of two 690 
sympatric mountainous butterflies (Erebia epiphron and E. euryale): relations to 691 
vegetation and weather. Biologia, Bratislava 57:225-235. 692 
29 
 
Kudrna, O., A. Harpke, K. Lux, J. Pennerstorfer, O. Schweiger, J. Settele, and M. Wiemers. 693 
2011. Distribution atlas of butterflies in Europe. Gesellschaft für 694 
Schmetterlingsschutz eV Halle. 695 
Kuras, T., J. Benes, Z. Fric, and M. Konvicka. 2003. Dispersal patterns of endemic alpine 696 
butterflies with contrasting population structures: Erebia epiphron and E. sudetica. 697 
Population Ecology 45:115-123. 698 
Kuras, T., J. Beneš, M. Konvička, and L. Honč. 2001. Life histories of Erebia sudetica 699 
sudetica and E. epiphron silesiana with description of immature stages (Lepidoptera 700 
Nymphalidae, Satyrinae). Atalanta 32:187-196. 701 
Kuussaari, M., S. van Nouhuys, J. J. Hellmann, and M. C. Singer. 2004. Larval biology of 702 
Checkerspots.in P. R. Ehrlich and I. Hanski, editors. On the wings of Checkerspots: a 703 
model system for population biology. Oxford University Press, Oxford. 704 
Massey, F. P., A. R. Ennos, and S. E. Hartley. 2006. Silica in grasses as a defence against 705 
insect herbivores: contrasting effects on folivores and a phloem feeder. Journal of 706 
Animal Ecology 75:595-603. 707 
Massey, F. P., and S. E. Hartley. 2009. Physical defences wear you down: progressive and 708 
irreversible impacts of silica on insect herbivores. Journal of Animal Ecology 78:281-709 
291. 710 
Masterman. 2008. The distribution and habitat of Mountain Ringlet Erebia epiphron (Knoch) 711 
in Scotland. Atropos 41:10-18. 712 
Mattila, N., V. Kaitala, A. Komonen, J. Paivinen, and J. S. Kotiaho. 2011. Ecological 713 
correlates of distribution change and range shift in butterflies. Insect Conservation and 714 
Diversity 4:239-246. 715 
30 
 
Oksanen, J., F. G. Blanchet, R. Kindt, P. Legendre, R. O’hara, G. L. Simpson, P. Solymos, 716 
M. H. H. Stevens, and H. Wagner. 2010. Vegan: community ecology package. R 717 
package version 1.17-4. http://cran.r-project.org. 718 
Pakeman, R., P. Hulme, L. Torvell, and J. Fisher. 2003. Rehabilitation of degraded dry 719 
heather [Calluna vulgaris (L.) Hull] moorland by controlled sheep grazing. Biological 720 
Conservation 114:389-400. 721 
Scalercio, S., T. Bonacci, A. Mazzei, R. Pizzolotto, and P. Brandmayr. 2014. Better up, 722 
worse down: bidirectional consequences of three decades of climate change on a relict 723 
population of Erebia cassioides. Journal of Insect Conservation 18:643-650. 724 
Schmitt, T., D. Louy, E. Zimmermann, and J. C. Habel. 2016. Species radiation in the Alps: 725 
multiple range shifts caused diversification in Ringlet butterflies in the European high 726 
mountains. Organisms Diversity & Evolution 16:791-808. 727 
Shannon, S. 1995. A study of the Small Mountain Ringlet butterfly Erebia epiphron Knoch. 728 
in south west Cumbria. University of Leicester, Leicester. 729 
Slamova, I., J. Klecka, and M. Konvicka. 2013. Woodland and grassland mosaic from a 730 
butterfly perspective: habitat use by E rebia aethiops (L epidoptera: S atyridae). Insect 731 
Conservation and Diversity 6:243-254. 732 
Stewart, K., N. Bourn, and J. Thomas. 2001. An evaluation of three quick methods 733 
commonly used to assess sward height in ecology. Journal of Applied Ecology 734 
38:1148-1154. 735 
Stuhldreher, G., and T. Fartmann. 2014. When habitat management can be a bad thing: 736 
effects of habitat quality, isolation and climate on a declining grassland butterfly. 737 
Journal of Insect Conservation 18:965-979. 738 
31 
 
Stuhldreher, G., and T. Fartmann. 2015. Oviposition-site preferences of a declining butterfly 739 
Erebia medusa (Lepidoptera: Satyrinae) in nutrient-poor grasslands. European Journal 740 
of Entomology 112:493-499. 741 
Ter Braak, C. J. 1986. Canonical correspondence analysis: a new eigenvector technique for 742 
multivariate direct gradient analysis. Ecology 67:1167-1179. 743 
Thomas, C. D., J. K. Hill, B. J. Anderson, S. Bailey, C. M. Beale, R. B. Bradbury, C. R. 744 
Bulman, H. Q. Crick, F. Eigenbrod, and H. M. Griffiths. 2011a. A framework for 745 
assessing threats and benefits to species responding to climate change. Methods in 746 
Ecology and Evolution 2:125-142. 747 
Thomas, J., D. Simcox, and T. Hovestadt. 2011b. Evidence based conservation of butterflies. 748 
Journal of Insect Conservation 15:241-258. 749 
Thomas, J., C. Thomas, D. Simcox, and R. Clarke. 1986. Ecology and declining status of the 750 
silver-spotted skipper butterfly (Hesperia comma) in Britain. Journal of Applied 751 
Ecology 23:365-380. 752 
Thomas, J. A., D. Simcox, and R. T. Clarke. 2009. Successful conservation of a threatened 753 
Maculinea butterfly. Science 325:80-83. 754 
Trivedi, M. R., M. D. Morecroft, P. M. Berry, and T. P. Dawson. 2008. Potential effects of 755 
climate change on plant communities in three montane nature reserves in Scotland, 756 
UK. Biological Conservation 141:1665-1675. 757 
Van Noordwijk, C., D. E. Flierman, E. Remke, M. F. WallisDeVries, and M. P. Berg. 2012. 758 
Impact of grazing management on hibernating caterpillars of the butterfly Melitaea 759 
cinxia in calcareous grasslands. Journal of Insect Conservation 16:909-920. 760 
van Strien, A. J., C. A. van Swaay, W. T. van Strien-van Liempt, M. J. Poot, and M. F. 761 
WallisDeVries. 2019. Over a century of data reveal more than 80% decline in 762 
butterflies in the Netherlands. Biological Conservation 234:116-122. 763 
32 
 
Van Swaay, C., D. Maes, and M. Warren. 2009. Conservation status of European butterflies. 764 
Pages 322-338 in J. Settele, T. G. Shreeve, M. Konvička, and H. van Dyck, editors. 765 
Ecology of butterflies in Europe. Cambridge University Press, Cambridge. 766 
WallisDeVries, M. F. 2006. Larval habitat quality and its significance for the conservation of 767 
Melitaea cinxia in northwestern Europe. Pages 281-294 in T. Fartmann and G. 768 
Hermann, editors. Larvalökologie von Tagfaltern und Widderchen in Mitteleuropa. 769 
Abhandlungen aus dem Westfälischen Museum für Naturkunde, Münster (Germany). 770 
Warren, M. 1991. The successful conservation of an endangered species, the heath fritillary 771 
butterfly Mellicta athalia, in Britain. Biological Conservation 55:37-56. 772 
Warren, M., J. Hill, J. Thomas, J. Asher, R. Fox, B. Huntley, D. Roy, M. Telfer, S. Jeffcoate, 773 
and P. Harding. 2001. Rapid responses of British butterflies to opposing forces of 774 
climate and habitat change. Nature 414:65-69. 775 
Weking, S., G. Hermann, and T. Fartmann. 2013. Effects of mire type, land use and climate 776 
on a strongly declining wetland butterfly. Journal of Insect Conservation 17:1081-777 
1091. 778 
Wheeler, A. S. 1982. Erebia epiphron Knoch (Lep., Satyridae) reared on a two-year life 779 
cycle. Proceedings of the British Entomological and Natural History Society 15:28. 780 
Wiklund, C. 1984. Egg-laying patterns in butterflies in relation to their phenology and the 781 




Tables and Figures 784 
Table 1. a) AIC modelling results from the analysis investigating environmental predictors of 785 
oviposition preferences of a mountain butterfly Erebia ephiphron.  The top ten best-786 
supported models (i.e. lowest AIC values) are presented, along with associated measures of 787 
model fit and evidential support. ‘K’ reflects the number of parameters fitted in a model, 788 
‘ΔAIC’ is the number of AIC points between a model and the most highly ranked model, and 789 
‘Wi’ a model’s AIC weight.   b) Model-averaged parameter estimates, standard errors and 790 
95% confidence intervals for covariates included in the analysis. 791 
 792 
Figure 1. Mean percent cover of different plant species at egg sites (light grey) and random 793 
points (dark grey).  Asterisks denote that percent cover of species was significantly different 794 
between egg sites and random points based on a nonparametric Wilcoxon’s rank-sums test. 795 
‘*’ – p < 0.05, ‘**’ – p < 0.01, ‘***’ – p < 0.001, ‘****’ – p < 0.0001.  p-values only 796 
remained significant for Nardus stricta, Festuca ovina, Carex panicea, Carex pilulifera and 797 
Juncus squarrosus after correcting for multiple testing (see Results for details). The 798 
superscript ‘†’ placed in front of the species names on the y-axis denotes those species on 799 
which egg-laying was recorded.   800 
 801 
Figure 2. Ordination plot from the detrended correspondence analysis. The labels identify the 802 
location of plant species centroids in ordination space. The vectors illustrate the difference in 803 
average plant species composition between the egg sites and random points for Mountain 804 
Ringlet in 13 separate 1 km squares.  The tail of each vector is plotted in ordination space 805 
according to the average plant species composition at the random points at that site, whereas 806 
the arrowhead reflects the average plant species composition at sites at that square where 807 
eggs were laid.  The length of the vector is proportional to the difference in species 808 
composition between the egg sites and random points, and the direction of the vector 809 
provides insights into whether Mountain Ringlets seek out a consistent or divergent 810 
ecological niches for their eggs across different 1 km squares. 811 
 812 
Figure 3.  Model based predictions showing effects of vegetation composition and structure 813 
on egg site selection of Mountain Ringlets in Britain.  Derived from the best-fit binomial 814 
GLMM, these depict (a) the positive association between probability of a site being selected 815 
for egg-laying and percentage cover of host plants; (b) the quadratic relationship between 816 
probability of site selection and leaf litter cover; c) the negative relationship between 817 
probability of site selection and percentage cover of tussocks; and d) the negative association 818 
between probability of site selection and vegetation height.  The solid line in each of the 819 
graphs represents the fitted values, and the shaded areas show the 95% confidence intervals.  820 
Marginal histograms represent the distribution of each explanatory variable at egg sites (top 821 










Table 1a 830 
 831 
Table 1b 832 
model term estimate std. error model-averaged CIs 
host plant availability (hostplants) 1.418 0.228 (0.955, 1.882) 
leaf litter (lflitter) 1.168 0.230 (0.716, 1.619)  
leaf litter2 -0.524 0.169 (-0.855, -0.193) 
tussocks cover (tussocks)  -0.700 0.259 (-1.206, -0.193) 
vegetation height (veght) -0.890 0.269 (-1.418, -0.363) 
vegetation density (vegden) 0.604 0.228 (0.158, 1.050) 
slope (slp) -0.785 0.234 (-1.243, -0.327) 
altitude (alt) 0.371 0.369 (-0.352, 1.094) 
aspect (asp) 0.426 0.420 (-0.397, 1.249) 
 833 
no. Model description K AIC ΔAIC Wi 
1 hostplants + lflitter + lflitter2 + tussocks + veght + vegden + slp 9 314.25 0.00 0.339 
2 hostplants + lflitter + lflitter2 + tussocks + veght + vegden + slp + asp 10 315.06 0.81 0.226 
3 hostplants + lflitter + lflitter2 + tussocks + veght + vegden + slp + alt 10 315.09 0.84 0.222 
4 
hostplants + lflitter + lflitter2 + tussocks + veght + vegden + slp + alt + 
asp 11 316.21 1.96 0.128 
5 hostplants + lflitter + lflitter2 + tussocks + veght + slp + alt 9 320.12 5.88 0.018 
6 hostplants + lflitter + lflitter2 + tussocks + veght + slp 8 320.15 5.90 0.018 
7 hostplants + lflitter + lflitter2 + tussocks + veght + slp + asp 9 321.78 6.84 0.011 
8 hostplants + lflitter + lflitter2 + tussocks + veght + slp + alt + asp 10 321.44 7.19 0.009 
9 hostplants + lflitter + lflitter2 + veght + vegden + slp 8 322.06 7.81 0.007 
10 hostplants + lflitter + lflitter2 + veght + vegden + slp + alt 9 323.21 8.96 0.004 
35 
 
Figure 1 834 
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